It is well known that water waves tend to be higher or lower as they propagate onto an opposing or following current, respectively. This is also true for wind waves generated on currents. In the equilibrium range of wind waves, however, the spectral densities for the waves generated on a following or opposing current are larger and smaller, respectively, than those for the waves generated on quiescent water. To see this, a series of laboratory experiments was carried out in a windwave and current flume for various conditions of water depth, current and wind.
INTRODUCTION
Wave-current interaction has long been a subject of interest in the areas of 2 coastal engineering and physical oceanography. There are two different situations in which water waves interact with currents. The first is the occasion on which waves generated on quiescent water propagate into a current region. An example is that an offshore-generated swell propagates towards shore and encounters strong currents at a river mouth or a tidal inlet. The second case is wind waves being generated on flowing water. An example is the evolution of wind waves in a shallow basin where tidal currents are relatively strong (e.g., development of northwesters in the Yellow Sea between China and Korea).
For the first situation, Huang et al. (1972) first derived an equation that describes the influence of currents on the change of a wave spectrum in deep water.
This equation was extended to finite-depth water by Hedges et al. (1985) . However, these equations did not take into account the enhanced level of wave breaking induced by opposing currents, especially associated with the equilibrium range of the spectrum. Hedges (1981) For the second situation, laboratory experiments were carried out by Francis and Dudgeon (1967) and Kato and Tsuruya (1978) . In both of these studies, they found that when the wind is opposing the flow the waves tend to be higher than when it follows the flow. In the equilibrium range (or the high-frequency portion) of wind wave spectra, however, spectral densities of the waves generated on a following current could be higher than those of the waves generated on quiescent water or on an opposing current. In the equilibrium range, direct energy input from wind and nonlinear energy transfer from the lower frequencies are balanced by energy dissipation due to wave breaking. In deep water, waves break if the wave steepness (or the ratio of wave height to wavelength) exceeds a certain value. It is well known that the wavelength becomes longer on a following current than on quiescent water for a given wave frequency, and the reverse is true on an opposing current. Therefore, when the wind follows the flow, more wind energy can be absorbed in the waves without breaking than when the wind blows over quiescent water. Consequently, we can hypothesize that in the equilibrium range the spectral densities can be larger as waves are generated on a following current than when they are generated on quiescent water. On the other hand, when the waves are generated on an opposing current, it is expected that there will be an equilibrium range spectrum of less energy density than on quiescent water. 3 Equations for predicting the equilibrium range spectrum of waves generated on a following or opposing current have been proposed by Kitaigordskii et al. (1975) and Hedges (1981) for deep water and by Gadzhiyev et al. (1978) and Suh et al. (1994) for finite-depth water. Hedges et al. (1985) and Suh et al. (1994) also carried out laboratory experiments for opposing currents in paddle-generating wave flumes and showed that in the equilibrium range both theoretical and experimental spectral densities on opposing currents are less than those on quiescent water. For a following current, however, usual paddle-generating wave makers cannot be used to see the enhancing energy densities (compared to quiescent water) in the equilibrium range because no wind energy is supplied to the waves and thus energy densities over the entire frequency range always decrease as the waves encounter a following current. Instead, a wind-wave and current flume should be used to see the influence of following currents on the equilibrium range spectra.
In this paper, we report laboratory experiments made in a wind-wave and current flume to examine the equilibrium range spectra of wind waves generated on following or opposing currents. Comparison is also made with the theoretical results of Gadzhiyev et al. (1978) and Suh et al. (1994) . Because these theories have been developed for a vertically uniform current, the equivalent uniform current proposed by Hedges and Lee (1992) is used to take into account the effect of the actual depth-varying shear current.
EXPERIMENT Experimental Apparatus
Experiments were carried out in the wind-wave and current flume at the Hydrodynamics Laboratory of the Japan Port and Harbour Research Institute. the test section over the waterway is a wind blower, which generates wind by an axial fan driven by a 50 kW variable-speed motor. The wind then passes through guide vanes, a fine mesh screen and honeycombs so that the wind velocity at the inlet section (see Fig. 1 ) is quite uniform. At the inlet, a horizontal guide plate is provided, which can be adjusted vertically so as to be located at the water surface. 4 Currents can be generated by pumping the water through the pipe as shown in Fig.   1 . The direction of the current can be altered by the operation of the valves. The current velocity can be controlled by adjusting the flow rate accurately by means of a venturi meter.
Wind velocity, current velocity and water surface displacement were measured with an anemometer, electromagnetic current meters and resistance-type wave gauges, respectively, all manufactured by the KENEK Electronics Company. The LABTECH NOTEBOOK data acquisition software was used, which directly stores the data in EXCEL files in the personal computer while displaying the data on the monitor screen in real-time during the measurement.
Experimental Procedure and Data Analysis
First, currents were generated, while the wind fan was not in operation, and current velocities were measured at nine elevations dividing the total water depth by 10 equidistant intervals at St. B and D in Fig. 2 . At each elevation, the current velocity was measured for 60 s at a sampling rate of 20 Hz to obtain the timeaveraged current velocity. The two velocities obtained at the same elevations at St. B and D were then averaged to obtain a single representative current velocity in the flume. The vertical current velocity profile, ) (z u , was determined using the equation proposed by Coleman (1981) :
in which max u = maximum current velocity at the free surface; * u = current shear velocity; K = von Karman constant (= 0.4 for clear water); P = a constant related to the turbidity of fluid (= 0.19 for clear water); z = vertical distance measured upward from the bed surface; and d = water depth. The quantities of max u and * u were calculated from the linear regression analysis of the measured current velocities on Z . The thus calculated max u and * u are given in Table 1 . The measured current profiles are presented in Fig. 3 for different 5 water depths along with the profiles curve-fitted by (1).
Second, wind was generated over quiescent water and wind velocities were measured at nine elevations at an increment of 5 cm (i.e., at 5, 10, , 45 cm) above the still water level at St. C in Fig. 2 . When the wave height was so large that the water elevation reached the anemometer at 5 cm, the measurement at 5 cm was omitted. At each elevation, measurement was made for 60 s at a sampling rate of 20 Hz to obtain the time-averaged wind velocity. The vertical wind velocity profile, ) ( y v , was determined using the equation as follows: (3) in which max v = maximum wind velocity at 45 cm above the still water level; * v = wind shear velocity; y = vertical distance measured upward from the still water level; and h = the highest elevation of wind measurement (45 cm in this experiment). The quantities of max v and * v were calculated from the linear regression analysis of the measured wind velocities on
. The thus calculated max v and * v are given in Table 1 . An example of the measured and curve-fitted wind profiles is shown in Fig. 4 . The wind profiles are not used in this study except to convert wind velocities to a wind shear velocity, which is sometimes used to represent the strength of wind.
In this experiment, the wind velocity profile was measured at only one location, approximately the center of the flume. The roughness of the water surface and the corresponding shear velocity and vertical wind velocity profile may vary along the flume. However, because the fetch is not so long, their variation may not be significant. Actually, Kato and Tsuruya (1978) had made a similar experiment in the same flume to find that the shear velocity did not vary significantly along the flume. However, they found that in general the shear velocity was larger in the cases of opposing current than in the cases of following current, reflecting the roughness of the water surface.
Third, with only the wind blowing, wave measurements were made at the four locations, A, B, D and E, as shown in Fig. 2 . To permit the slower-traveling highfrequency component waves to travel to the remote wave gauge at St. E, a sufficient waiting time was allowed to elapse after the initiation of wind generation prior to data acquisition. A total of 36,000 data points was collected at the sampling rate of 50 Hz for each of the four wave gauges. 6 Fourth, with both wind and current, wave measurements were made at the four locations, A, B, D and E, as shown in Fig. 2 . The methods of data acquisition are the same as those for the no-current case.
In the spectral analysis of the wave data, the smoothing techniques presented in Otnes and Enochson (1978) were used. Of 36,000 data points in each test record, the first 20,480 data points were processed in nine segments of 4,096 points per segment. These segments overlap by 50% for smoother and statistically more significant spectral estimates. The time series of each segment was corrected by applying a 10% cosine taper on both ends and was subjected to spectral analysis. The raw spectra were then ensemble-averaged. Further smoothing was made by band-averaging over five neighboring frequency bands. The total number of degrees of freedom is 60 for the final spectra.
The above procedure was repeated for different conditions of water depth, current and wind. Experiments were made for three different water depths; 50, 40 and 30 cm. For the water depths of 50 and 40 cm, three different velocities of following and opposing currents were tested, and for each current velocity three different wind velocities were tested. For the water depth of 30 cm, two different velocities of following and opposing currents were tested, and for each current velocity two different wind velocities were tested. Of course, for each water depth, wave measurements were also made in quiescent water for different wind velocities. The test conditions and the calculated parameters for currents and winds are given in Table 1 .
THEORY
By combining the theoretical expressions originally developed by Kitaigordskii et al. (1975) , Gadzhiyev et al. (1978) proposed an equation for the equilibrium range of a wave spectrum in the presence of currents in water of finite depth (see also Massel (1996) , pp. 269-271):
in which the superscript e denotes the equilibrium range spectrum, the subscript K refers to Kitaigordskii et 
In the preceding equations,
, and the function ) ( 
The foregoing theories for wave-current interaction were developed based on the assumption of a vertically uniform current, but the actual currents generated in the experiment were depth-varying shear currents. Hedges and Lee (1992) introduced the so-called equivalent uniform current, e U , defined as the uniform current which produces the same wavelength, L , as the actual depth-varying current for a given observed wave period and water depth. The equivalent uniform current, e U , is given by
The curve-fitted current velocity profile given by (1) was used in (12) to calculate the equivalent uniform current. In the following analysis, the equivalent uniform current, e U , was used in place of U in (4) and (8) . Note that for a higher frequency L  becomes smaller so that the equivalent uniform current becomes 9 larger.
RESULTS
In the experiment, wave measurements were made at the four locations, A, B, D and E, as shown in Fig. 2 . The waves at St. A close to the wind inlet, however, behaved almost like capillary waves, having a spectral peak period of 0.14 to 0.27 s. Therefore these data were not included in the following analysis. Such spectral parameters as peak frequency and peak spectral density were required in the following analysis. For determining these parameters from the measured wave spectra, the method proposed by Günther (1981) and summarized in the paper of Aranuvachapun (1987) was used.
The wind wave spectrum for partially developed waves on quiescent water of finite depth is expressed as
with 5 2 ) ( In the equilibrium range (or the high-frequency portion) of the spectrum, the JONSWAP shape function has no influence. The equilibrium range spectrum on quiescent water of finite depth is therefore given by 10 ) , ( ) , (
The choice of the equilibrium range is somewhat arbitrary. In this study it was taken as the frequency range of
. On the other hand, the equilibrium range spectrum of the waves generated on currents in finite-depth water can be expressed as
in which  = a Phillips-like constant for the waves generated on currents. As discussed in the introduction, it is expected that  will be greater than  for the waves generated on a following current and the reverse is true for the waves generated on an opposing current.
There are slightly different methods for determining  from the measured spectrum. The standard method is to take the mean of ) , ( Finally, the predictability of the theoretical equations is examined for an opposing current, even though it has previously been tested for the data obtained in paddle-generating wave flumes by Hedges et al. (1985) and Suh et al. (1994) . The solution to (11) does not exist for high-frequency wave components on a strong opposing current. Therefore test cases were selected for which the current was the weakest and the wind was the strongest. As the wind becomes strong, the spectrum 12 is shifted towards lower frequencies. Figs. 12 and 13 show the results for the waves generated on the weakest opposing current by the strongest wind in different water depths. As expected, both experiment and theories show   / less than unity in the equilibrium range. The result of Gadzhiyev et al. (1978) decreases monotonically with frequency. The result of Suh et al. (1994) , however, decreases with frequency but at very high frequencies bounds up to the point where the solution to (11) does not exist. This effect is caused by the fact that D in (8) approaches zero in this high frequency range. In this laboratory experiment, the fetch was so short that the overall frequency was very high. For sufficiently developed wind waves in the field, this kind of problem may not occur.
In the foregoing analysis,  is not a constant but varies with frequency. Recalling that  is defined as a Phillips-like constant for the waves generated on currents and that  was determined by taking the mean of
in the equilibrium range, it may be necessary to examine the value of  averaged over the equilibrium range. The thus averaged  is now a constant like 
CONCLUSIONS
In order to examine the influence of currents on the equilibrium range spectrum of wind waves, a series of laboratory experiments has been performed for various water depths, wind velocities and current velocities in a wind-wave and current flume. The experimental results have been compared with the theoretical equations proposed by Gadzhiyev et al. (1978) and Suh et al. (1994) . A good agreement between experiment and theories has been found for both following and opposing currents. Both experimental and theoretical results have shown that the spectral densities in the equilibrium range for the waves generated on a following current and an opposing current are larger and smaller, respectively, than those for the waves generated on quiescent water. The influence of current has also been shown to increase with frequency.
In the present study, we have shown that in the equilibrium range when the wind is opposing the flow, the spectral densities tend to be lower than when it follows the flow. This is different from the results of usual wave-current 14 interaction problems. However, it should be noted that the result of the present study is confined only to the equilibrium range. It is expected that the present study may contribute to the extension of such ocean wave prediction models as WAM (WAMDI group, 1988) or SWAN (Booij et al., 1996) to include current effects. 
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